The process of depolymerization of P E T resin by EG glycolysis under pressure is investigated. The kinetics of this pressurized depolymerization of PET resin is discussed. It was found that the rate of depolymerization is dependent of temperature, pressure, and concentration ratio of EG to PET. The rate of depolymerization is proportional to the square of EG concentration and faster than that under atmospheric pressure. Glycolyzed products under pressure consist of the PET monomer, BHET, and oligomers, mostly dimer and trimer. An equilibrium between BHET and oligomers is attained quickly soon after the depolymerization step is completed in the case of a higher ratio of E G / P E T used. In the case of lower ratio of EG/PET, the final product now consists of higher molecular weight of oligomers rather than monomer, dimer, and trimer.
cussed. In our laboratory we are investigating various possible applications of depolymerization products from PET scraps including from recycled PET bottles.
EXPERIMENTAL Materials
A fiber grade of PET chips with a number average molecular weight range of 18,000-20,000 was obtained from Far Eastern Textile Ltd. A chemical grade of ethylene glycol was purchased from market without further purification. Figure 1 Chemical structure of BHET.
Apparatus
The PET resin was depolymerized under a pressure interval from 1-6.12 atm and a t a temperature interval from 19O-24O0C in a laboratory stirred reactor having a bomb cylinder of 2000 mL (Parr Instrument) for various reaction times of 0.5, 1, 2, and 3 h and a t various ratios of EG/PET.
Analysis
The glycolyzed products and the extracted glycolyzed products were then analyzed for hydroxyl value by the titration method as follows: About 0.5 g of sample was accurately weighed and added to 10 mL of acetylating solution, containing 88 : 12 ( v / v ) BHET pyridine and acetic anhydride, in a 50-mL flask. The flask was fitted with a vertical reflux condenser and heated with stirring in a boiling water bath for about 2 h. The mixture was then cooled to room temperature and hydrolyzed by 100 mL of chilled distilled water in another flask. Under vigorous stirring, 20 mL of benzene were added. The resulting solution was titrated against 0.5N KOH standard using phenolphthalein as indicator. A blank run, i.e., without the sample, was also performed. 
RESULTS AND DISCUSSION
The PET resin can be readily depolymerized by pressurized glycolysis of EG without adding any catalyst. At the end of reaction time, the contents of the reactor were allowed to quench to room temperature under nitrogen atmosphere. The solid products were then stirred vigorously in large amount of water in order to dissolve the unreacted EG. By filtration, the glycolysis products were obtained as residue. This is then labeled as fraction A.
The difference between original and final weight represents the amount of free glycol removed by water extraction. A part of fraction A sample was transfered to a beaker and filled with a large amount of distilled water. The suspension was boiled with stirring in order to extract the monomer, e.g., bis-(hydroxyethyl terephthalate) (BHET), which has a melting point at 109-110°C with the chemical structure as shown in Figure 1 .
BHET is known to be quite soluble in boiling water. While still hot, the suspension was quickly filtered. Upon immersing the filtrate in an ice bath, white crystalline flakes were observed to precipitate. These crystals are labeled as fraction B, while the residue will be labeled as fraction C. Glycolyzed products of about 80 wt % are fraction C for n = 2-3 with melting point from 150-180°C and about 20 wt % are fraction B for n = 1 with melting point at 110°C. Figure 2 shows IR spectroscopy of fraction B, indicating a pure BHET structure. The absorptions a t 3400, 3000-2800, 1750, and 1100 cm-' are due to -OH, C-H, C=O, and C -0 stretchings, respectively. shown in Figures 4 , 5, and 6, for temperature, pressure, and EG/PET ratio dependences, respectively.
Moreover, the final product depolymerized by using a low EG/PET ratio has a higher molecular weight of oligomer as seen in Figure 6 . For instance, the glycolyzed product has a molecular weight around 2000 ( n = 10) if of EG/PET ratio is used in the glycolysis. It is clear that a definite amount of EG is needed in order to obtain a given length of oligomers. From these results we believe that the mechanism of pressurized depolymerization of PET resin can be divided into two steps:
The mechanism represented by Eqs.
( 1 ) and ( 2 ) is different from that proposed by Baliga and Wong.8 From our experimental data, the glycolyzed products 
A plot of depolymerization rate against the square of EG concentration shows a linear relationship as shown in Figure 9 . Based on these kinetics, it is believed that the depolymerization of PET resin is catalyzed by EG. In other words, EG acts as both reactant as well as catalyst in the glycolysis reaction for depolymerization. The reaction step of Eq. (1) is very fast, say the chain scission will be completed within half an hour. After the scission reaction on the polymer chains is completed, there must exist an equilibrium reaction between BHET and oligomers (mostly dimer and trimer) as shown in Eq. ( 2 ) . Because the scission reaction happens so quickly and randomly, the oligomers higher than trimer were too minute to be detected in the case of high EG/PET ratio. Howev?r, in a low EG/PET ratio, say f , the glycolyzed product consists of oligomers having a higher molecular weight, say about 2000 of n = 10. This implies that the degree of polymerization of product may be regulated easily by the EG/PET ratio used in glycolysis. In other words a sufficient amount of EG is needed to depolymerize PET resin to a short-chain length. Equation (4) also indicates that the depolymerization rate is dependent on the square of the molar concentration of EG.
CONCLUSION
The depolymerization of P E T is dependent on pressure, temperature, and EG / PET ratio. The depolymerization rate is very fast and proportional to the square of EG concentration at a constant temperature, pressure, and P E T concentration. This implies that EG acts as both reactant and catalyst in the chain scission step. After the scission step of the reaction, there exists an equilibrium between BHET and oligomers that consist mostly of dimer and trimer in the case of high EG/PET ratio. In the case of low EG / P E T ratio, the depolymerized products consist of higher molecular weight oligomers. This indicates that a sufficient amount of EG is needed to depolymerize PET resin to obtain a predominant amount of monomer BHET in the glycolyzed products. This also implies that the equilibrium reaction shifts to the rich BHET content side slowly over a very long period of reaction time.
